T-cell-recruiting bispecific antibodies (T-BsAbs) have shown potent tumor killing activity in humans, but cytokine release-related toxicities have affected their clinical utility. The use of novel anti-CD3 binding domains with more favorable properties could aid in the creation of T-BsAbs with improved therapeutic windows. Using a sequence-based discovery platform, we identified new anti-CD3 antibodies from humanized rats that bind to multiple epitopes and elicit varying levels of T-cell activation. In T-BsAb format, 12 different anti-CD3 arms induce equivalent levels of tumor cell lysis by primary T-cells, but potency varies by a thousand-fold. Our lead CD3-targeting arm stimulates very low levels of cytokine release, but drives robust tumor antigen-specific killing in vitro and in a mouse xenograft model. This new CD3-targeting antibody underpins a next-generation T-BsAb platform in which potent cytotoxicity is uncoupled from high levels of cytokine release, which may lead to a wider therapeutic window in the clinic.
Introduction
In the past decade, exciting cancer treatments have emerged that leverage the potent tumor killing activity of cytotoxic T-cells, including chimeric antigen receptor T-cell (CAR-T) therapies and T-cell-engaging bispecific antibodies (T-BsAbs). CAR-T therapies, based on patient primary Tcells that are ex vivo engineered to target a specific tumor antigen and re-introduced into the patient, continue to show encouraging results but face challenges as a personalized cell-based therapy (reviewed by . T-BsAbs are a class of T-cell-based antibody therapeutics in which one arm targets the T-cell receptor (TCR) CD3 subunit, and the other arm targets tumor cells via a tumorassociated antigen (TAA) (reviewed by Wu et al. 2 ). One major advantage of T-BsAbs lies in their ability to elicit potent TAA-dependent tumor cell lysis by recruiting endogenous cytotoxic T-cells to the site of the tumor, thus eliminating the need to engineer and manipulate T-cells ex vivo in a patient-specific manner. [3] [4] [5] Mechanisms of T-BsAb activity are complex and may be influenced by factors such as tumor antigen density, the epitope and binding affinity of the individual targeting arms, as well as the relative affinities between the two arms. These characteristics have been shown to affect the potency, biodistribution, and specificity of T-BsAbs. [6] [7] [8] While effective, first-generation T-BsAbs have encountered hurdles in the clinic related to cytokine release syndrome (CRS) and neurotoxicity. [9] [10] [11] Next-generation molecules that drive effective tumor cell lysis while avoiding high levels of cytokine release may allow for wider use as single agents and in combination therapies. Previously published studies of natural T-cell activation through the interaction of the T-cell receptor and peptide MHC complex (pMHC) support the feasibility of decoupling the cytolytic activity of T-cells from high levels of cytokine release. 12, 13 Faroudi et al. showed that, at low levels of TCR:pMHC engagement, T-cells are able to kill target cells before stimulation of cytokine release. Therefore, with more finely tuned binding characteristics and agonist activity for the CD3-engaging arm, a T-BsAb may more closely mimic the T-cell activation induced by natural TCR:pMHC engagement. 14, 15 Achieving more natural T-cell engagement via T-BsAbs may be driven by development of novel CD3-binding domains. A review of first-generation of T-BsAb programs shows that nearly 75% of published CD3-engaging domains are derived from just a few hybridoma-derived antibodies, e.g., OKT3, UCHT1, TR66, that show binding affinities as low as 1nM. 2 T-BsAbs using these highaffinity CD3-binding arms often show potent tumor cell killing with high levels of cytokine release. In an effort to widen the therapeutic window for the next generation of T-BsAbs, we sought to establish a platform that decouples tumor cell killing from cytokine release. Toward this goal, we discovered a novel set of anti-CD3 antibodies using next-generation sequencing (NGS)-based antibody discovery in fixed light chain humanized rats that bind to multiple epitopes on CD3 with a wide range of binding strengths and agonist activities. 16 Functional evaluation in bispecific format revealed a promising new T-cellengaging domain for the creation of T-BsAbs that elicits robust in vivo tumor cell killing and low levels of cytokine release.
Results

Discovery of novel anti-CD3 agonist monoclonal antibodies
Historically, identifying antibodies that bind to CD3 in the context of cell-surface T-cell receptors has been challenging. Traditional antibody discovery approaches, such as phage display, yeast display, and single-cell screening of primary B-cells, tend to favor high affinity binders, which complicates efforts to identify naturally occurring anti-CD3 antibodies with a range of agonist strengths.
Our team recently described a new NGS-based antibody repertoire sequencing discovery approach that was used to identify novel anti-CD3 antibodies in immunized OmniFlic rats, which are transgenic rodents expressing human fixed light chain antibodies (Figure 1(a) ). 16 The discovery strategy has distinct advantages for identifying agonist antibodies with broad epitope coverage and a wide variety of binding strengths and functional activities. OmniFlic animals express human IgG antibodies using a single pre-rearranged human kappa light chain transgene, and they rely on rearrangement of a transgene-based human heavy chain V-D-J gene repertoire to generate antibody diversity. 17, 18 Endogenous rat heavy chain, kappa and lambda loci have been knocked out. 19 This approach yields very large and diverse collections of fullyhuman sequence-defined antibodies, and the fixed light chain format enables easy pairing with a variety of other domains to achieve bispecific binding and robust manufacturability.
Applying this discovery strategy to CD3-immunized OmniFlic rats yielded >100 candidate antibody sequence families for analysis. Antibody repertoire and lineage analysis of the immunized animals yielded approximately 120 heavy chain complementarity-determining region 3 (CDR3) clonotypes (sequence families) that were strong candidates for being antigen-specific antibodies. In this context, a clonotype is defined as a group of VHs for which the CDR3 sequences show at least 80% similarity, likely representing a single original V-D-J rearrangement event. [20] [21] [22] Figure 1. Two different CD3 cell-binding CDRH3 sequence families were identified using NGS-based discovery followed by high-throughput recombinant expression and screening. (a) The discovery workflow combines antibody repertoire deep sequencing and custom bioinformatics analysis with high-throughput gene assembly, recombinant expression and screening. OmniFlic rats express a comprehensive human VH gene repertoire with a single pre-rearranged human kappa light chain. Endogenous rat heavy chain, kappa, and lambda loci have been knocked out. (b) Based on antibody repertoire analysis, 378 heavy chain sequences were selected for expression with a fixed human kappa light chain. All fully human antibody candidates were tested by flow cytometry for the ability to bind CD3+ Jurkat cells in a primary screen, and results are shown in a heatmap in which each row is a unique heavy chain VH sequence and the degree of red indicates cell-binding strength. The dendrogram indicates the relationships between the sequences tested in the primary screen. (c) Two cell-binding VH sequence families were identified and additional family members from the repertoire were expressed and tested for cell binding in a secondary screen. Sequence variation among family members is illustrated by colored blocks, with each color representing an amino acid residue.
Multiple members from each clonotype family, representing 378 unique antibodies in total, were selected for high-throughput gene assembly, recombinant expression and primary functional screening. The resulting human fixed light chain antibodies (FlicAbs), in the form of transfection supernatants, were assayed for binding to human CD3δε protein by enzyme-linked immunosorbent assay (ELISA) and CD3-expressing Jurkat cells by flow cytometry. Approximately 20% of the candidate antibodies bound to recombinant human CD3δε protein, but many fewer candidates exhibited binding to CD3 in its natural context as part of the T-cell receptor on Jurkat cells (Figure 1(b) ). The Jurkat-positive cell binders showed no detectable binding to CD3-negative cells. Overall, primary screening identified 11/378 novel FlicAbs with specific binding to CD3-positive Jurkat cells, representing multiple independently-isolated and naturally occurring members from two distinct CDR3 clonotype families (hereafter referred to as F1 and F2).
In pursuit of CD3-binding antibodies with a variety of agonist activities, we initiated a secondary diversity screen to survey other unique VH sequences within the two Jurkat-binding CDR3 families that contain sequence variation in CDR1, CDR2, and framework regions. Additional unique VH sequences were selected from CDR3 clonotype families F1 and F2 for further assessment. After a second round of high-throughput gene assembly and expression, 163 members from F1 and 34 members from F2 were evaluated for Jurkat binding by flow cytometry (Figure 1 (c)), family members are distinguished from one another by letters appended to the end of F1 or F2). A total of 139 unique Jurkatbinding antibodies were identified from across both families, representing a wide range of cell binding strengths. This large and diverse set of novel CD3-binding antibodies enabled subsequent efforts to identify an optimal anti-CD3 binding domain for use in T-BsAb format. It is important to note that, by employing antibody repertoire analysis to identify naturally occurring sequence diversity and the associated range of binding activity, the animals' immune systems serve to validate that the antibodies have acceptable expression levels and biophysical characteristics compatible with robust in vivo function.
Evaluation of lead anti-CD3 monoclonal antibodies
Two antibodies each from F1 and F2, representing stronger and weaker cell binders from each family, were selected for in vitro functional testing. Flow cytometry was used to evaluate relative Jurkat cell-binding strengths and ability to induce T-cell activation in samples of primary human or cynomolgus (cyno) monkey peripheral blood mononuclear cells (PBMCs) (Figure 2, Supplementary Table 1 ). Interestingly, maximum T-cell activation levels in human PBMCs, as measured by CD69 surface expression after 18 hours, were the same for all four tested antibodies, but significant variation in potency was observed. Cell-binding dose curves show that relative activation potency correlates with Jurkat cell-binding intensity. Subsequent studies showed that both antibodies from F1 activate primary T-cells from cynomolgus monkeys, while F2 members are not cyno-reactive, suggesting that antibodies from F1 and F2 may bind to different epitopes on CD3.
To further investigate CD3-binding properties of the two new antibody families, we evaluated them side-by-side with OKT3 (a well-studied anti-CD3 benchmark antibody) and a negative control antibody in a series of cell and protein binding studies ( heterodimer, 23, 24 these results may be explained by preferential or exclusive binding of the F1 and F2 antibodies, respectively, to CD3δε. While the F1 and F2 antibodies show different cyno-reactivity properties, they compete robustly with one another for binding to Jurkat cells and may interact with overlapping epitopes (Supplementary Table 2 ). Taken together, these data establish that we have identified a new set of anti-CD3 antibodies characterized by distinct binding profiles.
Functional activity of novel anti-CD3 binding domains in bispecific antibody format
To facilitate characterization of the new anti-CD3 arms in bispecific format, we selected 12 different CD3-binding domains from F1 and F2, based on their wide range of binding strengths and T-cell activation profiles, for expression with a common anti-TAA arm on a silenced and stabilized human IgG4 Fc (Figure 3(a) ). [25] [26] [27] [28] Previously described knobs-into-holes mutations were used to facilitate heavy chain heterodimer formation. 29, 30 The shared tumor-targeting arm is composed of two anti-B-cell maturation antigen (BCMA) VH binding domains arranged in tandem that binds to cell-surface BCMA with sub-nanomolar affinity. The BCMA binding arm was derived from a human heavy chain only antibody (CH1 deleted) that does not bind to kappa or lambda light chains. 31, 32 BCMA is a plasma cell-specific marker relevant for multiple myeloma, and is particularly well-suited for targeting by T-BsAbs because of its relatively low expression density. 6, 33 To compare functional activity among the 12 different anti-CD3 arms, CD3xBCMA bispecific antibodies were expressed, purified and evaluated for antigen-dependent T-BsAb-mediated tumor cell killing activity. For in vitro cytotoxicity assays, primary human pan-T-cells were mixed with BCMA-positive CD3 binding profiles were evaluated for novel anti-CD3 mAbs CD3_F1F (F1 strong binder), CD3_F2B (F2 moderate binder), and CD3_F2C (F2 strong binder) alongside the classic anti-CD3 mAb OKT3 and an off-target isotype control mAb (anti-BCMA). Binding of individual mAbs to CD3-expressing human Jurkat cells and cyno HSC-F cells was assessed by flow cytometry. To measure the ability of mAbs to block OKT3 binding to human CD3, Jurkat cells were pre-incubated with the unlabeled mAb then treated with labeled OKT3. The ability of OKT3 to block mAb binding to human CD3 was measured in a similar manner using pre-treatment with unlabeled OKT3 followed by treatment with labeled mAb. Maximum binding (100%) was set as the mean fluorescent intensity (MFI) for cells that were not subjected to a pre-incubation step (see supplementary Table 2 for additional data). The mAb panel was also tested for CD3 subunit binding preference using biolayer interferometry with recombinantly expressed human CD3ε, CD3δε or CD3γε immobilized on the sensor (see Supplementary Figure 1 for details). Binding to CD3ε was not detectable for any of the mAbs. (BCMA+) or BCMA-negative (BCMA-) tumor cells along with increasing amounts of T-BsAb for 18 hours. Antigen-and dosedependent killing was observed for the BCMA+ tumor line with a striking 1,000x potency range, although all arms achieved similar levels of maximum killing ( Figure 3 (b), Supplementary 34, 35 No specific killing was observed with BCMA-tumor cells (data not shown).
In vitro characterization of lead CD3-engaging bispecific antibodies
Based on the observed range of cytotoxic potencies, two lead CD3-engaging domains were chosen for more detailed evaluation and reproducibly exhibit different functional profiles. By selecting the CD3_F1F and CD3_F2B binding arms, we sampled both ends of the potency spectrum and two different sequence families with distinct CD3 binding profiles. Each CD3-binding domain was paired with multiple tumor-targeting arms, including anti-BCMA and anti-CD19 moieties, derived from fully human heavy chain only antibodies. 31, 32 Functional activity was assessed by combining TAA-positive (TAA+) or TAAnegative (TAA-) tumor cell lines with primary human pan-Tcells and increasing amounts of the appropriate CD3xTAA bispecific antibody. After 18 hours of incubation, specific tumor cell lysis and cytokine release (interleukin-2 (IL-2) and interferonγ (IFNγ)) were measured for each of the tumor lines ( Figure 4 , Supplementary Table 1) . Dose curves in the top panels of Figure 4 (a and b) show that both CD3_F1F-and CD3_F2B-containing bispecific antibodies kill TAA+ tumor cells in a doseand antigen-dependent manner, with robust maximum killing levels for TAA+ cells and little to no killing of TAA-cells. Similar antigen-and dose-dependent activity was observed in primary T-cell proliferation assays run in parallel (Supplementary Figure  2) . As expected, the two different CD3-targeting arms exhibit significantly different killing potency, but achieve the same maximum percent killing levels for both tumor targets. Critically, at saturating killing doses (0.1 nM for F1F, 10 nM for F2B), the CD3_F2BxBCMA and CD3_F2BxCD19 T-BsAbs stimulate significantly less cytokine release than either of their CD3_F1F-containing counterparts. For example, at maximum killing activity doses, CD3_F1FxBCMA stimulates release of >6,000 pg/mL of IL-2 and IFNγ, while at its doses of maximum killing activity, CD3_F2BxBCMA triggers release of approximately 600 pg/mL of IL-2 and 3,500 pg/mL of IFNγ.
Additional in vitro primary T-cell assays confirmed that the difference in cytokine release profiles for CD3_F1F-and CD3_F2B-containing bispecific molecules is also reproducible across independent PBMC donors. T-cell-mediated cytotoxicity assays were run with human pan-T-cells from 10 different donors, BCMA-positive cells (NCI-H929) or BCMA-negative cells (K562s), and saturating killing doses for each of the CD3xBCMA bispecific antibodies (0.1 nM for CD3_F1FxBCMA, 10 nM for CD3_F2BxBCMA). Similar antigen-dependent maximal killing levels were observed for both antibodies, but release of a representative cytokine (IL-2) was high for CD3_F1FxBCMA and minimal for CD3_F2BxBCMA (Figure 4 
In vivo characterization of lead CD3-engaging bispecific antibodies
To confirm that the in vitro killing and cytokine release profile for CD3_F2B-containing bispecific antibodies is compatible with in vivo efficacy, a disseminated multiple myeloma xenograft mouse model was employed to compare the functional effects of CD3_F1FxBCMA and CD3_F2BxBCMA. Luciferase-expressing BCMA-positive human RPMI-8226 cells were administered to NSG mice, and the mice were subsequently treated with one dose of primary human PBMCs and three doses of CD3xBCMA bispecific antibody ( Figure 5(a) ). Animals treated with isotype control molecules, comprising F1F or F2B anti-CD3 arms paired with a non-targeting control arm, showed tumor progression as expected in the absence of tumor cell binding. For the CD3_F2BxBCMA molecule, robust tumor cell killing occurred at multiple dose levels with the highest tested dose (10 μg) showing near complete tumor clearance. While the strongly activating CD3_F1FxBCMA antibody also showed tumor clearance at very low to moderate doses, the tumor burden at a 10μg dose was comparable to the non-targeting negative control. Future studies will determine which mechanisms are responsible for differential function of CD3_F1F-and CD3_F2B-containing T-BsAbs at higher doses, which may include changes in biodistribution or propensity for inducing T-cell exhaustion or activation-induced cell death (AICD).
While the relatively small number of human PBMCs injected into the mice for in vivo xenograft studies precludes an accurate assessment of serum cytokine concentrations, a recent review of T-BsAbs in early clinical trials indicates that the in vitro cytokine release profile measured for CD3_F2BxBCMA is likely an accurate predictor of its effect in humans. 36 In addition, our mouse xenograft results show that the CD3_F2B bispecific molecule has efficacy over a wider range of dosing than the CD3_F1F molecule, suggesting that the new CD3_F2B binding arm may exhibit a wide therapeutic window in humans.
Developability of a lead CD3-engaging bispecific antibody
Next-generation T-BsAbs created using the novel CD3-binding arms described here show favorable pharmacokinetic (PK) profiles and manufacturability characteristics. For example, CD3_F2BxBCMA has a PK profile similar to standard IgG4 antibodies in mouse and cynomolgus monkey studies with a half-life of~12.9 days and~8.5 days in cyno and mouse, respectively ( Figure 5(b) ). 37 CD3_F2BxBCMA PK in Balb/c mice was linear across the dose range of 1 to 10 mg/kg following a single intravenous (IV) injection, and group mean terminal half-life (t 1/2 ) ranged from 8.5-11.6 days. In general, CD3_F2BxBCMA PK in cynomolgus monkeys was also linear across the dose range of 0.1 to 10.0 mg/kg following a single IV injection, and t 1/2 ranged from 12.9-16.1 days. Since CD3_F2BxBMCA does not cross-react with BCMA or CD3 in rodent or non-human primate species, relevant non-clinical toxicology models do not exist. The observed linear PK results were expected and are consistent with non-specific clearance mechanisms dominating PK.
The CD3_F2BxBCMA bispecific antibody shows robust expression, desirable biophysical properties and low aggregation propensity. A CD3_F2BxBCMA-expressing stable Chinese hamster ovary (CHO) cell line produces 4.7 g/L of the desired triple chain heterodimer in a bioreactor, and the purification scheme is comparable to typical antibody platform downstream processes consisting of an affinity capture step, an intermediate anion exchange step, and a final mixed mode chromatography polishing step. The bispecific antibody is stable when subjected to stresses like low pH, high pH, freeze/thaw, and elevated temperature. For example, incubation at 40°C for 3 weeks did not induce formation of higher molecular weight species, assessed by dynamic light scattering (DLS) and size-exclusion chromatography-high-performance liquid chromatography (SEC-HPLC) (Supplementary Figure  3C, 3D) . To measure thermal stability, ΔHcal (kJ/mol) was measured by differential scanning calorimetry (DSC) revealing four transitions at 60.3, 64.5, 67.9 and 74.4°C, assigned to the unfolding of the VH-VH-domains of the BCMA arm, the CH2 domain, the CD3-Fab and the CH3 domain, respectively (Supplementary Figure 3A, 3B ).
Discussion
T-BsAbs have shown substantial clinical efficacy by activating endogenous T-cells in a tumor antigen-dependent manner. However, the clinical utility of first-generation T-BsAbs has been tempered by narrow therapeutic windows due to dose-limiting toxicities. The therapeutic profile of a T-BsAb is highly dependent on its molecular format and the functional characteristics of each binding arm (anti-CD3 and anti-TAA). Antigen density on tumor cells and relative affinities of the binding arms of the T-BsAb are significant determinants of biodistribution, degree of T-cell activation or exhaustion, and stimulation of cytokine release. 6, 7 While clinicians have effective tools for managing cytokine releaserelated toxicities, there is hope that next-generation T-BsAbs with wider therapeutic windows may be used as single agents to address a broad range of tumor types and in combination with other approved therapies such as checkpoint inhibitors.
We developed a novel CD3-engaging antibody that serves as the foundation for a robust next-generation bispecific T-cell redirection platform. A collection of new anti-CD3 antibodies was discovered using antibody repertoire sequencing in humanized fixed light chain rats to identify naturally occurring, fullyhuman CD3-engaging antibodies that bind to multiple epitopes with varying affinities. By screening the various T-cell-engaging arms in bispecific antibody format, we successfully created novel T-BsAbs with low levels of cytokine release that maintain effective tumor lysis activity in vitro and in a mouse xenograft model.
Fundamental questions remain, however, about the importance of cytokine abundance in the context of effective immunotherapy, and whether the cytolytic activity of activated Tcells can be separated from cytokine release in vivo. Previous studies that quantitated native T-cell receptor engagement with MHC-displayed peptides (TCR:pMHC) have shown that two discrete thresholds exist for T-cell activation based on the number of TCR:pMHC complexes formed. 12 The formation of two TCR:pMHC complexes between a T-cell and an antigen-presenting cell is sufficient to trigger T-cellmediated cell lysis, whereas 10 TCR:pMHC complexes are required for the formation of a full immune synapse and the secretion of cytokines. Therefore, it may be possible to develop new T-BsAbs that more closely mimic the natural TCR:pMHC interaction and enable tumor cell lysis without high levels of cytokine secretion by crossing the first threshold and avoiding the second threshold. Exact mechanisms underlying the dual thresholds of T-cell activation, by which T-cells can lyse target cells without high levels of cytokine release, are yet to be determined. The phenomenon may be related to the separate but intertwined phosphorylation signaling cascades originating at the intracellular side of the T-cell receptor that ultimately regulate gene expression and release of cytokines, as well as lytic effector molecules such as granzyme and perforin. 38, 39 Both epitope and affinity of CD3 agonist antibodies likely play roles in T-cell activation, so the apparent preference of our CD3_F2B antibody for CD3δε over CD3γε is intriguing, especially in light of OKT3 and our CD3_F1F antibodies showing measurable binding to both CD3δε and CD3γε heterodimers. Work by others in the field has shown that anti-CD3 antibodies induce a conformational change in the intracellular immunoreceptor tyrosine-based activation motif (ITAM) domains of the CD3 subunits. 40 By binding a unique epitope exclusively on CD3δε with low affinity, the CD3_F2B antibody may stimulate a unique combination of phosphorylation events on the CD3 ITAM domains, which may in turn lead to differential activation of signaling cascades that regulate the expression levels of lytic effector molecules and secreted cytokines.
The differential behavior of CD3_F1F-versus CD3_F2B-containing BsAbs in the mouse xenograft model described here is also intriguing, with the more strongly activating CD3_F1FxBCMA molecule apparently losing efficacy at high doses. This loss of in vivo efficacy with strong T-cell engagement could be due to T-cell exhaustion or AICD. Alternatively, the relative binding strengths of the CD3-targeting and tumor-targeting arms of the different T-BsAbs may affect biodistribution patterns in the mouse model with subsequent effects on tumor clearance. Recent work by Mandikian et al. in human CD3ε transgenic mice has shown that while lower affinity CD3-containing BsAbs show robust tumor xenograft targeting via an anti-HER2 arm, high affinity CD3-containing BsAbs with the same anti-tumor arm exhibit increased localization to spleen and lymph nodes. 7 It is possible that T-BsAb binding to T-cells before tumor cells, based a high-affinity anti-CD3 arm, will have significant consequences for in vivo functional activity. In contrast, a T-BsAb that binds to tumor cells before engaging T-cells, using a high affinity anti-tumor arm combined with a lower affinity CD3-targeting arm, may more closely mimic the binding and activation of a T-cell through the TCR.
Additional studies are underway to understand the relative contributions of epitope and affinity of CD3-targeting arms on in vitro killing and cytokine release levels, as well as in vivo mechanisms influencing the range of effective doses. Ultimately, clinical studies will be required to fully characterize the therapeutic window of our CD3_F2B-based bispecific platform, and multiple programs targeting both liquid and solid tumors are progressing towards the clinic.
Materials and methods
Immunization
Twelve OmniFlic rats (Ligand Pharmaceuticals) were immunized with CD3δε using DNA and cells (Antibody Solutions, Sunnyvale, CA; Aldevron/MFD, Freiburg, Germany). Six animals were primed with a mixture of C6 rat glioma cells expressing either human or cyno CD3δε, boosted with viral-based DNA immunization alternating between human and cyno CD3δε expression vectors, and the final boost used a mixture of C6 cells expressing either human or cyno CD3δε. Each animal received a total of 15 injections spaced 3-4 days apart, and terminal harvest was completed on day 44. For an alternate DNA immunization protocol, 6 animals were immunized using a combination of expression vectors containing CD3δ and CD3ε cDNAs, with vectors coated onto gold particles and delivered subcutaneously with a gene gun. Animals were immunized weekly for twelve weeks (prime and boosts) with terminal harvest at 13 weeks.
Variable region amplification, sequencing, and clonotype analysis
Methods for OmniFlic rat variable region amplification and sequencing have been described previously and are reviewed briefly. 16 After completion of immunizations, lymphocytes from relevant draining lymph nodes were harvested, washed, pelleted and frozen. Total RNA was harvested from each cell pellet, then first strand cDNA synthesis and 5ʹRACE by PCR amplification of the full Ig heavy chain regions was performed according to previously published protocols. 41, 42 The resulting PCR products of 500 base pairs were isolated by gel extraction. Samples were multiplexed on a single next-generation sequencing run by adding index labels to each sample by primer extension. 43 The resulting indexed samples were pooled to create a library that was sequenced using the Illumina MiSeq platform with 2 × 300 paired-end reads.
Each sample was covered by~100,000 paired reads on average, and only those sequences that showed permissive alignment of at least 20 nucleotides to a human Ig locus were kept. Forward and reverse reads were paired when possible, and merged reads covering entire VH regions were translated into open reading frames. Framework regions and CDRs were determined using IGBLAST (https://www.ncbi.nlm.nih.gov/igblast/), then agglomerative clustering was used to cluster the full set of CDR3 protein sequences for each sample at an 80% similarity threshold, and the total number of reads in each cluster was recorded for clonotypes represented by five or more paired sequence reads. A clonotype is defined as a group of CDR3 protein sequences clustered at 80% similarity. 21, 22 Polarization of CDR3 clonotypes was measured by calculating the percentage of total reads in a sample that were contained in each CDR3 clonotype, then the clonotypes were ranked by abundance for each sample and those most highly represented were prioritized for functional screening. 20 High-throughput recombinant antibody construction and expression of FlicAbs for primary screening A total of 378 heavy chain variable regions were individually cloned to encompass the diversity of highly represented clonotypes in each animal, and 163 additional variable regions were subsequently cloned for a diversity screen from the two lead families. Each heavy chain variable region was cloned into an expression vector containing a leader peptide sequence and the human IgG1 Fc region, followed by validation using Sanger sequencing as described previously. 42 A previously created kappa light chain expression vector contains the germline sequence of the pre-rearranged kappa light chain from the OmniFlic animal. 16 Protocols for small-scale, primary screen expression have been described previously. 16, 42 Briefly, each expression vector was individually transformed into chemically competent E. coli growing in LB culture media, and plasmids were purified in 96-well format. Each heavy: light chain vector mix (1:1) was transfected into 293 cells in 96-well format and, after allowing for expression cell culture, supernatant was harvested and clarified by centrifugation.
Primary screening for antigen-specific binding from FlicAb supernatants
High-throughput ELISA assays were used to assay FlicAbcontaining supernatants for detectable binding to recombinantly expressed CD3δε protein (Creative BioMart #CD3E&CD3D-219H) as described previously. 16, 42 Briefly, 96-well plates were coated with recombinant CD3δε protein in coating buffer (ThermoFisher #28382) and incubated overnight at 4°C, followed by a 1-hour incubation in blocking buffer (1% dry milk powder in 20 mM Tris, 150 mM NaCl, 0.5% Tween-20) at room temperature. After blocking, supernatants were diluted 1:100 in blocking buffer then added to the antigen-coated wells. Finally, a horseradish peroxidaselabeled secondary antibody (ThermoFisher #31413) was added, followed by an appropriate chemiluminescent substrate (ThermoFisher #37069), and luminescence quantified using a plate luminometer (SpectraMax i3X, Molecular Devices).
High-throughput flow cytometry was used to detect binding of FlicAbs in supernatant to Jurkat cells grown according to manufacturer's instructions (ATCC TIB-152). Pelleted Jurkat cells were resuspended in flow buffer (1x phosphatebuffered saline (PBS), 1% bovine serum albumin (BSA), 0.1% NaN3) at 1 × 10 6 cells/mL. Antibody-containing supernatants were diluted 1:5 in flow buffer. One hundred μL of cells plus 25 μL of diluted antibody supernatant were incubated in each well in 96-well format. After washing with flow buffer, 50 μL of a phycoerythrin (PE)-conjugated secondary antibody (25 ug/mL Southern Biotech #2042-09) was added for detection and incubated at 4°C. After two wash steps, the cells were resuspended in flow buffer and analyzed using a Guava easyCyte 8HT system.
Construction, expression, and purification of lead FlicAbs on a silenced Fc
Each anti-CD3 VH of interest was subcloned onto a silenced and stabilized human IgG4 Fc. [25] [26] [27] [28] The new heavy expression vectors were co-transfected into 50 mL Expi-CHO cells with the common fixed light chain expression vector according to manufacturer's instructions (ThermoFisher #A29133, high titer protocol). Clarified expression supernatant was harvested, the FlicAb molecules were purified using protein A, and subsequent SEC assessment showed high purity and lack of aggregation (<1%).
Cell binding dose curves
All washes and dilutions of cells, antibodies, and reagents were performed using flow buffer (1x PBS, 1% BSA, 0.1% NaN3). Human Jurkat cells or cyno HSC-F cells (NHP Reagent Resource) were pelleted and resuspended at 500,000 cells/mL in flow buffer. Then, 50 μL of cells were combined with 50 μL of test antibody and incubated on ice, followed by two wash steps using flow buffer. For in-house generated FlicAbs, 50 μL of PE-conjugated goat anti-human IgG secondary antibody, diluted to 1 ug/mL, were added to the cell mix and incubated on ice. The benchmark OKT3 mAb (BioLegend #317308) was directly conjugated to PE and required no secondary antibody. After the final staining step, cells were washed twice, resuspended in 200 uL of flow buffer, and analyzed on a Guava easyCyte 8HT system. EC 90 , EC 50 , and EC 30 was calculated for each antibody using GraphPad Prism software v7 with 4PL nonlinear regression.
PBMC extraction, isolation and cryopreservation from LRS filters
PBMCs from 10 healthy, de-identified donors were isolated from LRS filters purchased from the Stanford Blood Center (Palo Alto, CA). 44 Blood products were collected by flushing each LRS filter with wash buffer (RPMI-1640 + 2mM EDTA), then PBMCs were collected by Ficoll-Paque gradient centrifugation. PBMCs were washed three times with wash buffer and pelleted at 200xg for 10 minutes. The cell pellet was resuspended in 1x sterile RBC lysis buffer (BioLegend #420301), incubated for five minutes, then the reaction was quenched using a large volume of wash buffer. The remaining cells were pelleted by centrifugation at 200xg for 10 minutes, and a wash step was repeated until the supernatant was no longer cloudy (resuspension in wash buffer then centrifugation). The final cell pellet was resuspended in cryopreservation media (BioLife Solutions #210102) to a concentration of 20 × 10 6 cells/mL and frozen slowly in an isopropanol bath to −80°C before being transferred to vapor-phase liquid nitrogen storage.
PBMC thawing and preparation of pan-T-cells
PBMC vials were removed from liquid nitrogen storage, placed in a 37°C water bath until fully thawed but still cold, and transferred to a 50 mL conical tube with 19 mL wash buffer (RPMI-1640 + 10% fetal bovine serum (FBS)). Cells were centrifuged at 300xg for 10 minutes, then wash supernatant was carefully aspirated leaving~1 mL of media behind. Additional wash buffer was added to bring cells to the desired concentration. T-cells were enriched from thawed PBMCs by negative selection using a bead-based pan-T-cell isolation kit (Miltenyi Biotec, Cat# 130-096-535). Purified human pan-Tcells were counted and adjusted with assay buffer (RPMI-1640 + 10% FBS) to 2x the desired final concentration (0.5x10 6 cells/mL).
PBMC activation and assessment of CD69 expression levels
PBMCs from a single donor were activated by positive control mAbs (OKT3: BioLegend 317304, SP34-2: BD Biosciences #551916) or anti-CD3 FlicAbs in 200 uL reactions in 96-well format. Each reaction was set up in complete culture media (RPMI-1640, 10% FBS, Penicillin-Streptomycin) to include 100,000 PBMCs, 0.5μg/mL CD28.2 anti-CD28 mAb (BioLegend #302914), 2 μg/mL goat F(ab')2 anti-mouse or antihuman IgG Fc (Abcam #ab98644, ab98526), and antibody at the desired final concentration. Antibodies were diluted in complete culture media to create 5-fold 11-point dilution dose response curves from 2 μg/mL to 1 pg/mL. The complete reaction was incubated for 18 hours at 37°C, then cells were collected by centrifugation (500xg for 5 minutes) and stained to measure cellsurface expression of CD69. Activated PBMC pellets were resuspended in 95 μL fluorescence-activated cell sorting (FACS) buffer (1x PBS, 1% BSA, 0.1% NaN3) and 5 μL of FITC-labeled CD69 antibody (BioLegend FN50, 100 ug/mL), followed by a 30-minute incubation on ice. Labeled cells were washed twice in fresh FACS buffer by pelleting (500xg for 5 minutes) and resuspension, and final cell pellets were resuspended in FACS buffer to 0.5 × 10 6 cells/mL. Staining was assessed by flow cytometry using a Guava easyCyte 8HT system, and EC 50 s were calculated from average mean fluorescence intensities (MFIs) for each antibody using GraphPad Prism software v7 with 4PL nonlinear regression. Assessment of cyno T-cell activation followed the same protocol except primary cyno PBMCs were used (Primate Biologicals #CM-PBMC), a single mAb dose (1 ug/mL) was tested, and staining included an allophycocyanin (APC)-labeled anti-human CD8a antibody (BioLegend #301049).
Cell binding competition assay
Jurkat cells were stained with serially diluted Ax488-labeled mAbs (FlicAbs or OKT3) and relevant binding concentrations were determined (EC 30 and EC 90 ). Each unlabeled antibody was pre-incubated for 15 minutes with Jurkat cells at 4x the appropriate EC 90 concentration. Then, each Ax488-labeled mAb was added at its Jurkat-binding EC 30 concentration and incubated for another 15 minutes. Stained cells were washed, analyzed by flow cytometry using a BD FACS Celesta, and Ax-488 MFI was determined for each sample.
Maximum binding (100%) was set as the MFI for cells that were not subjected to a pre-incubation step.
Recombinant protein binding by biolayer interferometry (Octet)
Human CD3δε and CD3γε heterodimers were expressed in ExpiCHO cells (ThermoFisher). Plasmids encoding CD3δ or CD3γ extracellular domains fused to mouse IgG1 Fc domains were co-transfected with the CD3ε mouse IgG1 Fc-fusion construct to express the respective heterodimer. C-terminal polyhistidine (His) tags on CD3δ and CD3γ were used for binding and imidazole-gradient elution of heterodimers from Ni-Sepharose XL (GE Healthcare). His-tagged human CD3ε was purchased from Creative Biomart (#CD3E-213H). Antigen-antibody binding kinetics analysis was performed on the Octet QK-384 (ForteBio). Briefly, HIS1K sensors were used to immobilize His-tagged CD3δε and CD3γε molecules. For interactions with CD3ε, the CD3ε antigen was in solution and the antibodies were immobilized using antihuman IgG Fc capture sensors (new antibodies on human Fc) or using anti-mouse IgG Fc capture sensors (OKT3 on mouse Fc). After baseline readings, sensors were dipped into antibody solutions (7-points, 2-fold dilution series). Association and dissociation were measured for 180 and 240 seconds, respectively. Data analysis was performed with Octet Data Analysis v11.0 HT (ForteBio), using a standard 1:1 binding model. Note that bivalent antibodies bind to the immobilized proteins with avidity, preventing the measurement of true kinetic rates.
Bispecific antibody construction, expression, and purification
Each anti-CD3 VH was subcloned onto a silenced and stabilized human IgG4 Fc containing a "knob" mutation. [25] [26] [27] [28] [29] [30] For TAA arms, anti-BCMA and anti-CD19 UniAb arms were created by cloning the appropriate UniAb VH domain(s) onto a CH1-deleted silenced and stabilized human IgG4 Fc with hole mutations. Expression constructs were combined to create each 3 chain anti-CD3xTAA bispecific molecule: 1) Anti-CD3 heavy chain with knob; 2) Common kappa light chain, which associates with only the anti-CD3 heavy chain; and 3) Anti-TAA heavy chain with hole and CH1 deleted, which does not associate with light chain. Expression vectors were co-transfected into Expi-CHO cells according to manufacturer's instructions (ThermoFisher #A29133, high titer protocol). Clarified expression supernatant was harvested, and the bispecific molecules were purified in a two-step chromatography process using Capture Select CH1-XL (ThermoFisher) and Mono S cation exchange (GE Healthcare) columns. SEC assessment showed high purity and aggregation levels <1%. Each 96-well format biological assay was conducted in 200 μL total volume and included 100,000 pan-T-cells, 10,000 DiRlabeled tumor cells, and bispecific antibody. After an 18-hour incubation at 37°C, cells from the reactions were pelleted, and 100 µL/well of supernatant was harvested for quantification of cytokines. Each cell pellet was resuspended in 95 µL of FACS buffer (PBS + 1% BSA + 0.1% NaN3) and 5 µL of 7-AAD Viability Staining Solution (BioLegend, Cat# 420404). Cells were incubated for 10 minutes on ice, then 100 µL of FACS buffer was added to each well. Using a Guava easyCyte 8HT System, 1,000 DiR-labeled tumor cell events were collected from each sample, and the percentage of dead tumor cells was indicated by the percentage of tumor cells that were positive for 7-AAD staining. The percentage of tumor cell lysis from the no antibody control wells (T-cells + tumor) was used to set background lysis. Quantitation of IL-2 and IFNγ cytokines from the reaction supernatant was performed by ELISA according to the kit manufacturer's protocols using harvested supernatants diluted 1:5 in 1x assay diluent (BioLegend #s 431806, 430106). Absorbance at 450 nm was read on a SpectraMax i3x multimode reader (Molecular Devices). A custom standard curve was generated for each kit and fitted to a 5PL alternative curve; curve fitting and data analysis was performed on SoftMax Pro 6.5 software (Molecular Devices).
CD3xBCMA molecules: bispecific antibody mediated T-cell proliferation from a single donor in vitro
Purified resting pan-T-cells from a single donor were loaded with carboxyfluorescein succinimidyl ester (CFSE) dye (ThermoFisher #C34554) by combining T-cells and dye in PBS at final concentrations of 1 × 10 7 cells/mL and 2 uM, respectively. After 5 minutes of incubation at room temperature the reaction was quenched by the addition of a 5x volume of 1xPBS + 10% FBS, then cells were pelleted and resuspended in assay buffer (RPMI-1640 + 10% FBS + Penicillin-Streptomycin). Tumor cells, BCMA-expressing NCI-H929 cells or BCMAnegative K562 cells, were counted, pelleted, washed and resuspended in assay buffer as described previously. Each 96-well format biological assay was conducted in 200 uL total volume of assay buffer and included 100,000 CFSE-labeled T-cells, 10,000 tumor cells, and varying concentrations of test article. After incubation for 5 days at 37°C, cell mixtures were pelleted and stained with an APC-conjugated anti-CD3 antibody (clone SP34-2, BD Biosciences #551916) and 7-AAD viability dye (Biolegend #420404) according to manufacturer's instructions. Viable single T-cells were identified as APC-positive and 7-AAD negative by flow cytometry on the Guava easyCyte 8HT system. Percent proliferation was calculated as (100% -[% of cells in well that have not divided]), with non-dividing cell CFSE levels established using T-cells from wells that received no tumor cells and no test article. Using GraphPad Prism 7.0, percent proliferation was plotted against log(concentration) of test article and fitted to a 4PL sigmoidal curve.
Bispecific antibody mediated lysis of BCMA+ tumor cells and cytokine production by a panel of healthy human donor T-cells in vitro
Experimental set-up and read-outs outlined above for a single donor were used to measure tumor cell lysis and cytokine release for 10 independent donor T-cell samples, NCI-H929 cells, and CD3xBCMA bispecific molecules. A single dose sufficient for inducing maximum lysis was used for each test article: 0.1 nM CD3_F1FxBCMA and CD3_F1Fx[off-target] isotype control, 10 nM for CD3_F2BxBCMA and CD3_F2Bx [off-target] isotype control.
CD3xCD19 molecules: bispecific antibody mediated lysis of tumor cell lines and cytokine production by T-cells from a single donor in vitro For lysis and cytokine assays, purified pan-T-cells from a single donor were incubated with CD19+ Raji cells or CD19-K562 cells (ATCC CCL-86, CCL-243) in the presence of varying concentrations of CD3_F1FxCD19 or CD3_F2BxCD19 (iQ Biosciences, Berkeley, CA). For assays measuring cytotoxicity, 100 IU/ml of IL-2 (Miltenyi Biotec #130-097-748) was supplemented in the tissue culture medium during the co-culture assay. Target cell lines were fluorescently labeled with 5 μM Calcein AM (Biolegend #425201) and incubated in with 2.5 mM probenecid (Sigma #P8761). Each biological assay was set up in 96-well format and included 10,000 target cells, 100,000 effector cells, and varying concentrations of antibody (serial semi-log dilution from a top concentration of 300 ng/ml for 10 points in triplicate). After 6 hours of incubation at 37°C, 60 μl of cell-free supernatant was transferred to a black 96-well clear-bottom plate (Sigma #CLS3614), then fluorescence was measured by plate reader (Perkin Elmer EnSpire) with excitation at 485 nm and emission at 535 nm for sample relative fluorescence units. Data was analyzed using Excel and GraphPad software to generate dose response curves by normalization where 1% saponin treatment values were used to determine maximal lysis. Medium-only condition values were used as spontaneous release values. For assays measuring cytokine expression, the biological assays were set up similarly, but T-cells were not treated with exogenous cytokines, and assays were incubated for 24 hours at 37°C. Following incubation, supernatants were harvested and cytokines measured by ELISA (BioLegend #740724).
Mouse xenograft efficacy study
Each immune-compromised NSG mouse (7-9 week-old females from Jackson Labs, Bar Harbor, ME) was injected IV with 1 × 10 6 luciferase-expressing BCMA-positive RPMI-8226 cells (a kind gift from Dr. Diego Acosta-Alvear at University of California, San Francisco (UCSF)). On day seven, each mouse was adoptively transferred IV with 1 × 10 7 human PBMCs from a single donor. On day 10, mice were randomized into 5-mouse treatment and control arms following initial bioluminescent imaging (BLI); treatment was initiated on day 10 and continued weekly for 3 weeks. The RPMI-8226 and PBMC engrafted mice were treated weekly with 10-10,000ng/animal of CD3_F1FxBCMA or CD3_F2BxBCMA and 10,000ng/animal CD3_F1Fx[off-target] negative-control antibodies. Body weight measurement and BLI were performed weekly for four weeks post-treatment initiation; the study was terminated on day 38. The study was conducted at UCSF (San Francisco, CA).
Mouse and cyno PK evaluation
The PK of CD3_F2BxBCMA was evaluated in 18 male BALB/c mice following a single tail vein injection of 1 or 10 mg/kg (n = 3/ group * 6 groups) (Aragen Biosciences, Morgan Hill, CA). Serum samples were collected for 14 days post-dose. PK of CD3_F2BxBCMA was also evaluated in nine 3-4 year-old female cynomolgus monkeys (n = 3/group) following a single IV bolus dose of 0.1, 1 or 10.2 mg/kg (SNBL USA, Everett, WA). Serum samples were collected for 21 days post-dose. Serum concentrations were determined using an antigen-specific ELISA. 2-compartmental analysis was used to determine the PK of CD3_F2BxBCMA at each dose level in each animal type.
Stability assessments for CD3_F2BxBMCA
DSC was performed on a Nano DSC system (TA Instrument). A temperature ramp of 1°C/min was performed with monitoring from 25°C to 100°C. Thermograms of the blank buffer were subtracted from each antibody prior to analysis and Tm values were calculated after deconvolution using the Nano DSC software.
DLS experiments were carried out using the UNcle instrument (Unchained Labs, Pleasanton CA). The time-dependent fluctuations in the intensity of scattered light from CD3_F2BxBCMA were analyzed by DLS to yield information about the distribution and size of particles in the samples before and after thermal stress (40 oC for 3 weeks). DLS experiments were performed at a concentration of 2 mg/ml. DLS data was collected at 25°C with a 5 min equilibration time prior to data collection. The viscosity of water was used as the sample viscosity (0.8872 cP), the refractive indices (RI) of 1.450 (protein) and 1.330 (water) were utilized, and the measurement angle was set the NIBS default of 173°back-scatter. Five separate DLS runs were collected for each sample using automatic measurement duration determination and these separate runs were averaged. The resulting intensity distribution plot was evaluated to reveal the measured sizes and polydispersity index (PDI) of particles in the sample. SEC-HPLC was performed on an UltiMate TM 3000 UHPLC (ThermoFisher) equipped with a TSK-GEL UP-SW3000 column (Tosoh Bioscience). The column was equilibrated in 100 mM sodium citrate, 500 mM NaCl, 200 mM L-arginine pH 6.2. Antibody samples were filtered prior to injection (20 μg) and eluted isocratically over 10 min at 25°C. Protein elution was detected by absorption at 280 nm.
Charge heterogeneity of CD3_F2BxBCMA before and after freeze/thaw stress was assessed by imaged capillary isoelectric focusing (icIEF) in the Maurice instrument (ProteinSimple San Jose, CA). Maurice employs a prequalified, ready-to-use cartridge with automated column conditioning and wholecolumn detection, a five-peptide marker system suitability sample and proprietary iCE software. Samples were run according to the manufacturer's protocol.
To assess freeze/thaw stability, CD3_F2BxBCMA was subjected to a slow freeze/thaw study and compared to a control sample stored at 2-8°C for the duration of the study. Freeze/ thaw cycles were performed in a lyophilizer at 5°C. Over the course of 2 hours, the antibody was cooled from 5°C to −20°C (0.21°C/ min) followed by a 2-hour hold. The antibody was then further cooled in a second stage from −20°C to −65°C (0.38°C/min) for 2 hours followed by another 2-hour hold. Following the two-hour hold the antibody was thawed from −65°C to 5°C at a rate of 0.21°C /min. This two-stage freezing cycle was performed for a total of five freeze/thaw cycles. Testing by SEC-HPLC and icIEF was performed on the samples upon conclusion of the five freeze/ thaw cycles. 
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